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(57) ABSTRACT 

An optical profile determining apparatus includes an optical 
detector and an optical source. The optical source generates 
a transmit beam including a plurality of wavelengths, and 
generates a reference beam including the plurality of wave- 
lengths. Optical elements direct the transmit beam to a 
target, direct a resulting reflected transmit beam back from 
the target to the optical detector, and combine the reference 
beam with the reflected transmit beam so that a profile of the 
target is based upon fringe contrast produced by the plurality 
of wavelengths in the reference beam and the plurality of 
wavelengths in the reflected transmit beam. 

38 Claims, 4 Drawing Sheets 
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OPTICAL PROFILE DETERMINING 
APPARATUS AND ASSOCIATED METHODS 
INCLUDING THE USE OF A PLURALITY OF 
WAVELENGTHS IN THE REFERENCE 

BEAM AND A PLURALITY OF 5 

WAVELENGTHS IN A REFLECTIVE 
TRANSIT BEAM 

GOVERNMENT LICENSE RIGHTS 

10 

The U.S. Government has a paid-up license in this inven- 
tion and the right in limited circumstances to require the 
patent owner to license others on reasonable terms as 
provided for by the terms of contract No. NAS1-01079, 
awarded by NASA. 15 

FIELD OF THE INVENTION 

The present invention relates to the field of optics, and 
more particularly, to an optical profile determining apparatus 20 
and associated methods. 

BACKGROUND OF THE INVENTION 

Parabolic antenna reflectors are widely used in both 2 s 
ground-based and space-based applications. These struc- 
tures are large in size, and typically have a diameter of up to 
20 meters. It is important that parabolic antenna reflectors be 
accurately built to avoid performance degradations that may 
result from thermal distortion, manufacturing tolerances, 30 
alignment tolerances, deployment tolerances or other error 
sources. 

To determine how accurately ground-based parabolic 
antenna reflectors are built, interferometers are commonly 
used. The accuracy and precision of an interferometer is 35 
generally within fractions of its operating wavelength. Inter- 
ferometers are ideal for profiling ground-based parabolic 
antenna reflectors because these structures are built very 
rigid. Rigid structures do not sway or vibrate, and conse- 
quently, can be measured with relatively high precision (for 40 
example, micron range uncertainties can be profiled). 

A spaced-based parabolic antenna reflector typically 
includes a rib-like structure that folds up like an umbrella so 
that it can be loaded into a rocket and carried into outer 
space. Once in outer space, the rib-like structure is removed 45 
from the rocket and unfolded. Unfortunately, a space-based 
parabolic antenna reflector does not have the same structural 
integrity and stillness as a ground-based parabolic antemia 
reflector. After being unfolded, the resulting shape may be 
distorted from an ideal desired shape, and this causes 50 
performance degradation in applications that depend on 
precise dimensional relationships. 

In most cases, this degradation in performance can be 
corrected by adjusting the shape of the parabolic antenna 
reflector using on-board actuators, provided the distortions 55 
are accurately measured. However, a conventional interfer- 
ometer can not be used to measure these distortions because 
the movement or sway of spaced-based parabolic antemia 
reflectors is much greater than the unambiguous measuring 
range of the interferometer. 60 

When using an interferometer, light or dark bands are 
produced by the interference or diffraction of light being 
reflected from a parabolic antenna reflector to an optical 
detector. If the light and dark bands (i.e., fringes) are spaced 
in the micron range, yet the space-based parabolic antemia 65 
reflector being profiled is swaying in the millimeter range, 
this causes laige uncertainties due to fringe ambiguity and 
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fringe washout. Consequently, an interferometer can not be 
used for profiling the space-based parabolic antenna reflec- 
tor, and other techniques must be used. 

U.S. Pat. No. 6,293,027 to Elliott et al. discloses one such 
technique. A first set of targets on the space-based parabolic 
antemia reflector is scanned by an attitude transfer system to 
measure the angular location and range of each target 
relative to a reference point on another part of the satellite 
having a frame of reference. The orientation of the parabolic 
antemia reflector is then determined from the measured 
locations of the targets. A second set of targets on the 
parabolic antemia reflector is scanned by a figure sensing 
module located at a reference point on the reflector itself. 
From measured angular locations and ranges of the second 
set of targets, shape distortions in the parabolic antemia 
reflector can be determined, and distortion may be corrected. 
Unfortunately, since each of the first and second sets of 
targets is scanned, this technique may be relatively complex 
and slow in the sense that all of the targets are sequentially 
measured. 

SUMMARY OF THE INVENTION 

In view of the foregoing background, it is therefore an 
object of the present invention to profile targets, such as 
space-based antenna, that are not readily profiled with a 
conventional interferometer. 

This and other objects, features, and advantages in accor- 
dance with the present invention are provided by an optical 
profile determining apparatus comprising an optical detec- 
tor, and an optical source for generating a transmit beam 
comprising a plurality of wavelengths, and for generating a 
reference beam comprising the plurality of wavelengths. 

The optical profile determining apparatus further com- 
prises at least one optical element for directing the transmit 
beam to a target, for directing a resulting reflected transmit 
beam back from the target to the optical detector, and for 
combining the reference beam with the reflected transmit 
beam so that a profile of the target is based upon fringe 
contrast produced by the plurality of wavelengths in the 
reference beam and the plurality of wavelengths in the 
reflected transmit beam. 

The present invention advantageously profiles a target by 
using fringe contrast that is determined by the relative phase 
between two sets of fringes, i.e., the fringes provided by the 
plurality of wavelengths in the reference beam versus the 
fringes provided by the plurality of wavelengths in the 
reflected transmit beam. This is in contrast to an interfer- 
ometer that determines an absolute fringe at a given fre- 
quency. 

The optical source may comprise a plurality of lasers for 
generating a plurality of individual transmit beams, with 
each laser operating at a different wavelength. A wavelength 
multiplexer multiplexes the plurality of transmit beams into 
a combined transmit beam. A splitter is downstream from the 
multiplexer for splitting the combined transmit beam into a 
first beam and a second beam. The first beam defines the 
transmit beam. A delay circuit is downstream from the 
splitter for delaying the second beam so that the second 
beam defines the reference beam. 

The accuracy of the optical profile determining apparatus 
is advantageously selected based upon the spacing between 
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the plurality of wavelengths, which is known as the ambi- 
guity interval. If the taiget being profiled is not very rigid 
and vibrates or sways (such as a spaced-based structure), 
then the wavelengths are selected so that they are spaced 
close together — which supports a relatively low precision, 
large, ambiguity interval. Conversely, if the taiget being 
profiled is rigid and does not vibrate or sway (such as a 
ground-based structure), then the wavelengths are spaced 
further apart — which supports a relatively high precision, 
small, ambiguity interval. This feature of the present inven- 
tion advantageously allows the accuracy of the optical 
profile determining apparatus to be commensurate with the 
variability of the target being profiled. 

The at least one optical element may comprise a first lens 
for colliminating the multiplexed transmit beam, a lenslet 
array downstream from the first lens for directing the 
transmit beam toward the target, and a second lens down- 
stream from the lenslet array for projecting the transmit 
beam onto the target at predetermined locations thereon. The 
optical profile determining apparatus may further comprise 
a plurality of spaced apart reflectors at the respective pre- 
determined locations on the target for providing the reflected 
transmit beam. The lenslet array may comprise a plurality of 
lenses, with each lens being associated with a respective 
reflector. 

An imaging lens may direct the reflected transmit beam 
and the reference beam onto the optical detector. The optical 
detector computes a distance to the target for each reflector 
based upon a corresponding fringe contrast to determine the 
profile. In particular, the optical detector may compute the 
distance to the target based upon an amplitude of the fringe 
contrast. The amplitude of the fringe contrast may be used 
in a ratio of a peak-to-peak variation in intensity to an 
average intensity when computing the distance to the target. 

The optical detector may comprises a charge-coupled 
device (CCD) camera, and the profile of the target may be 
based upon a single exposure of the CCD camera. Since a 
single exposure may be used for profiling the target, no 
moving parts are required. In other words, the plurality of 
reflectors do not have to be sequentially scanned by the 
optical source or detector. 

Another aspect of the present invention is directed to a 
method for determining a profile of a target. The method 
comprises generating a transmit beam comprising a plurality 
of wavelengths and a reference beam also comprising the 
plurality of wavelengths, and directing the transmit beam to 
the taiget. A resulting reflected transmit beam is directed 
back from the target to an optical detector. The method 
further comprises combining the reference beam with the 
reflected transmit beam so that a profile of the target is based 
upon fringe contrast produced by the plurality of wave- 
lengths in the reference beam and the plurality of wave- 
lengths in the reflected transmit beam. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a schematic perspective view of an optical 
profile determining apparatus with a space-based parabolic 
antenna reflector in accordance with the present invention. 

FIG. 2 is a more detailed schematic block diagram of the 
optical profile determining apparatus as shown in FIG. 1 . 

FIG. 3 is a more detailed schematic block diagram of the 
optical source shown in FIG. 2. 

FIG. 4 is a schematic image on the optical detector shown 
in FIG. 2. 

FIG. 5 is a modeled plot of computed intensity variation 
with range change (distance to the target) produced by the 
optical profile determining apparatus as shown in FIG. 1. 
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DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

The present invention will now be described more fully 
5 hereinafter with reference to the accompanying drawings, in 
which preferred embodiments of the invention are shown. 
This invention may, however, be embodied in many different 
forms and should not be construed as limited to the embodi- 
ments set forth herein. Rather, these embodiments are pro- 
10 vided so that this disclosure will be thorough and complete, 
and will fully convey the scope of the invention to those 
skilled in the art. Like numbers refer to like elements 
throughout. 

Referring initially to FIGS. 1-3, an optical profile deter- 
15 mining apparatus 10 for a space-based parabolic antenna 
reflector 12 will be described. Profiling the illustrated para- 
bolic antenna reflector 12 is just one example of how the 
optical profile determining apparatus 10 in accordance with 
the present invention can be used. The optical profile deter- 
, 0 mining apparatus 10 can be used for profiling other type 
objects, particularly objects having a relatively low preci- 
sion (millimeter range uncertainties). These objects are not 
limited to space-based parabolic antenna reflectors and 
include various ground-based objects, as readily appreciated 

by those skilled in the art. 

25 

The illustrated satellite 14 includes a generally cylindrical 
body 16 enclosing electronic circuitry 18. Two solar arrays 
20 are respectively deployed on a pair of arms 22 extending 
from the body 16. The parabolic antenna reflector 12 is 
deployed at the end of a boom 24. The parabolic antenna 
30 reflector 12 has a nominal diameter of 20 meters and an F/D 
ratio of 0.45, for example. Control signals applied to the 
boom 24 from the electronic circuitry 18 command the 
parabolic antenna reflector 12 to a specific pointing direc- 
tion. 

35 The optical profile determining apparatus 10 includes an 
optical detector 30, an optical source 32 for generating a 
transmit beam 34 comprising a plurality of wavelengths, and 
for generating a reference beam 36 comprising the plurality 
of wavelengths. Optical elements 38 direct the transmit 
40 beam 34 to a target 12 (i.e., the illustrated parabolic antenna 
reflector) for directing a resulting reflected transmit beam 
back 40 from the target to the optical detector 30. The optical 
elements 38 combine the reference beam 36 with the 
reflected transmit beam 40 so that a profile of the target 12 
45 is based upon fringe contrast produced by the plurality of 
wavelengths in the reference beam and the plurality of 
wavelengths in the reflected transmit beam. 

Portions of the optical profile determining apparatus 10 
are carried by the feeder network assembly 25, and are 
50 positioned so that it faces the interior of the parabolic 
antenna reflector 12. The optical profile determining appa- 
ratus 10 advantageously profiles the target 12 by using fringe 
contrast that is determined by the relative phase between a 
plurality of sets of fringes, i.e., the fringes provided by the 
plurality of wavelengths in the reference beam 36 interfering 
55 with the plurality of wavelengths in the reflected transmit 
beam 40. This is in contrast to a standard interferometer that 
determines an absolute fringe at a given frequency. 

The optical source 32 illustratively comprises a plurality 
of lasers 50(l)-50(7?) for generating a plurality of individual 
60 transmit beams 51(1)-51(«). Each laser 50(l)-50(«) oper- 
ates at a different wavelength so that there is a spacing of 
about 1 00 GHz between the different laser frequencies, for 
example. This results in a 100 GHz frequency offset. As a 
minimum, there are at least two lasers. As will be explained 
65 in greater detail below, as the number of lasers increase, so 
does the sensitivity and precision of the optical profile 
determining apparatus 10. In addition, the accuracy of 
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optical profile determining apparatus 10 can be extended to 
the submicron levels if sufficiently wide frequency is used. 

The optical source 32 thus uses independent sources that 
are frequency multiplexed rather than a single tunable 
source. Each frequency source can be independently 5 
switched on and off at very high rates. The frequencies of the 
optical telecommunications frequency grid may be used, for 
example, as readily appreciated by those skilled ill the art. 

A multiplexer 52 multiplexes the plurality of transmit 
beams 51(l)-51(ra) into a single combined transmit beam io 
53, i.e., a multiplexed transmit beam. The optical source 32 
further comprises a splitter 54 downstream from the multi- 
plexer 52 for splitting the combined transmit beam 53 into 
a first beam and a second beam. The first beam defines the 
transmit beam 34. A delay circuit 56 is illustratively pro- 1 . 
vided downstream from the splitter 54 for delaying the 
second beam. The delayed second beam defines the refer- 
ence beam 36. 

The transmit beam 34 is transmitted through an opening 
60 in a mirror 62. Hie opening may have a diameter of about ^ . 
0.01 mm, for example. After the transmit beam 34 has been 
transmitted through the opening 60, it is received by a series 
of lenses that make up the optical elements 38. 

In particular, the optical elements 38 illustratively com- 
prise a first lens 64 for colliminating the transmit beam 34. 

A lenslet array 66 is downstream from the first lens 64 for 
directing the transmit beam 34 towards the target 12. A 
second lens 68 is downstream from the lenslet array 66 for 
projecting the transmit beam 34 onto the target 12 at 
predetermined locations 69 thereon. 

The lenslet array 66 converts the transmit beam 34 into 30 
converging beams. The lenslet array 66, for example, may be 
arranged in 25 concentric circles with 6 lenslets in the 
innermost circle and 144 lenslets in the outermost circle. The 
beams 34 from the lenslet array 66 are collimated with a 
single negative lens 68 (i.e., the second lens) and are 35 
projected in a concentric pattern on the target 12. 

For the illustrated example, the resulting beams (1950) 
are nominally 40 cm apart and 2 cm in diameter at the target 
12. The optical profile determining apparatus 10 further 
includes a plurality of spaced apart reflectors 70 on the target 40 
12 for providing the reflected transmit beam 40. Each 
reflector 70 is 2 mm in diameter, for example, and is placed 
at the center of each beam 34 location on the target 12. This 
provides well-defined points for distance measurement. 

Each beam 34 that is projected through the second lens 68 45 
onto a preset point 69 on the surface of the target 12 forms 
a channel. The reflected return 40 passes back through the 
second lens 68, the lenslet array 66 and through the first lens 
64 before being reflected by the mirror 62. The mirror 62 
reflects images of the lenslet array 66 onto the optical _ f) 
detector 30. In one embodiment, the optical detector 30 
includes a photodiode array, such as the one typically found 
in a charge-coupled device (CCD) camera 80, and the profile 
of the target 12 may be based upon a single exposure of the 
CCD camera. 

Measurements by the CCD camera 80 may thus be made 55 
in a single, short exposure to mitigate against fringe washout 
caused by mechanical motion. The transmit beam 34, the 
reflected transmit beam 40, and the reference beam 36 are 
multiplexed by aperture sharing rather than the more con- 
ventional method, which uses beam splitters. 60 

Hie reflected transmit beam 40 is not mutually coherent 
in a spatial sense, and is much larger than the transmit beam 
34. This allows the reflected transmit beam 40 to be sepa- 
rated by the mirror 62 for imaging onto the CCD camera 80, 
as will be appreciated by those skilled in the art. The mirror 65 
62 also combines the reference beam 36 and the reflected 
transmit beam 40 prior to imaging on the CCD camera 80. 
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All of the 1950 lenslets are imaged onto a 240x240 
element of the CCD camera 80 as illustrated in FIG. 4. Hiis 
means that each lenslet image covers a 5x5 segment of the 
photodiode array in the CCD camera 80. The reference beam 
36 is inserted at a sufficient angle or tilt to provide a single 
cycle of the fringe pattern across the image of a single 
lenslet. A wavefront of the reference beam 36 directed to the 
optical detector 30 is tilted with respect to a wavefront of the 
reflect transmit beam 40 directed to the optical detector. This 
assures that there will be one fringe maximum 90 and one 
fringe minimum 92 in each beam image. For purposes of 
simplifying the drawings, the fringes are only illustrated for 
an example lenslet 660. It may be desirable to have more 
than one cycle of the fringes for each lens, but the illustrated 
example is limited by the resolution of the 240x240 element 
photodiode CCD camera 80. 

The beams or fringes 90, 92 represent the different 
wavelengths in the transmit beam 34 and the different 
wavelengths in the reference beam 36. The phase of the 
resulting fringes is a measure of the difference in the optical 
path between the reflected transmit beam 40 path and the 
reference beam 36 path. 

Another aspect of the present invention is directed to a 
method for determining a profile of a Target 12. The method 
comprises generating a transmit beam 34 comprising a 
plurality of wavelengths and a reference beam 36 also 
comprising the plurality of wavelengths, and directing the 
transmit beam to the target 12. A resulting reflected transmit 
beam 40 is directed back from the target 12 to an optical 
detector 30. The method further comprises combining the 
reference beam 36 with the reflected transmit beam 40 so 
that a profile of the target 12 is based upon fringe contrast 
produced by the plurality of wavelengths in the reference 
beam and the plurality of wavelengths in the reflected 
transmit beam 40. 

When focusing on a single beam path for determining 
distance, tins is the well known technique of length mea- 
surement by interferometry. The problems with interferom- 
etry are many and well known. The most difficult one is 
instability of the fringes due to vibrations and other path 
length disturbances during the measurement. A second 
important problem is the ambiguity of the measurement 
caused by the short spatial period of the fringe pattern (Vi 
wavelength of light for a reflective system). For large 
structures that are not built to maintain submicron precision 
such as the space-based parabolic antenna reflector 12, the 
initial uncertainty of the structure is many times the ambi- 
guity interval. Also, the structure may move by more than a 
fringe spacing during the measurement process, thus 
destroying the desired phase information. 

The present invention makes use of multiple wavelength 
interferometry to address the fringe ambiguity problem. The 
fringe stability problem may be advantageously addressed 
by basing the measurement on a single, short exposure to 
record the necessary fringe information for computing 
unambiguous distances. An important feature is that the two 
or more frequency components of the light are used simul- 
taneously (not sequentially) in such a way that the distance 
is computed from the fringe contrast not the fringe phase. 
The optical profile determining apparatus 10 does not mea- 
sure the fringe phase at any frequency. Instead, it uses the 
fringe contrast to determine the relative phase between the 
fringe patterns generated by each of the different frequen- 
cies. 

The basic principle of operation of the optical profile 
determining apparatus 10 will now be discussed. Consider 
the intensity of the resulting light when a signal beam of 
intensity a 2 is combined with a delayed reference beam of 
intensity a r 2 . Both beams are at wavelength X a =1550.12 mn, 
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for example. The path length delay between the signal and 
reference beams is 1 meter. The resultant intensity is 



When a second beam and reference are added with the 
identical path delay, the equation for the fringes is 10 


I — a 2 + a 2 + 2aa r cos^ j + 6 2 + b 2 r + 2bb r co%^ j. 


There are no ab terms in the average intensity (averaged over 
the exposure time of the CCD camera 80 ) because the a and 
b lasers 50 ( 1 ), 50 ( 2 ) are many GHz apart in frequency and 
they do not mutually interfere. The extension of this equa- 2 o 
tion to multiple frequencies is a matter of adding the 
additional terms that correspond to each of the new frequen- 
cies. 

A computed intensity variation with range (distance to the 
target 12 ) change is shown in FIG. 5 . In this example, there 2 s 
is a 100 GHz frequency offset between the two frequencies 
90 , 92 present, a 10% imbalance in average power between 
the two signals and a 10 to 1 ratio between the reference 
beam 36 level and the level of the received reflected transmit 
beam 40 . Of course, this pattern repeats at range increments , () 
of 3.00 mm. The ratio of the peak-to-peak variation in 
intensity to the average intensity determines the range. 
These intensities are measured by the CCD camera 80 with 
a single, short, exposure. 

The optical detector 30 includes a processor 84 connected 
to the CCD camera 80 . Range change data as illustrated in 35 
FIG. 5 is used by the processor 84 for determining the profile 
of the target 12 . If the interference fringe intensity (i.e., 
brightness) is between 1.4 (peak 92 ) and 0.62 (peak 94 ), for 
example, this amplitude can be translated to a range change 
or distortion of 100 microns. Interference fringe intensity 40 
and range change data may be stored in a memory embedded 
in the processor 84 , or may be stored external the processor. 
Actuators are then used to adjust the parabolic antenna 
reflector 12 based upon the determined profile. 

As part of a setup procedure, the fringe patterns may be 45 
measured with each laser alone. With only one frequency 
present, the fringes are constant in amplitude for all dis- 
tances. In this way the fringe contrast for each laser is 
adjusted and measured. Once the individual fringe ampli- 
tudes are known, these amplitudes are used to compute the 5Q 
range from the combined amplitude. The processor 84 
connected to the CCD camera 80 processes the received 
images. Similarly, a range of individual frequencies and a 
number of simultaneous frequency combinations are used to 
resolve the measurement ambiguities inherent in the peri- 
odic fringe contrast pattern. 

The required signal characteristics will now be discussed. 

In order to perform interferometry with large path dift'er- 
ences (1 meter), the optical source 32 should have a coher- 
ence length longer than the path difference. For good opera- 
tion at path differences of two meters the coherence length 60 
of the lasers should exceed 10 meters. This corresponds to 
a line width of less than 30 MHz. The distance from a point 
near the focus to a point on the target 12 changes by 
approximately 2.3 meters as the reflector point moves from 
the center to the edge of a 20 meter reflector with F/D=0.45. 65 

The transmit and reference beams 34 , 36 will interfere to 
the extent that they have the same polarization. Polarization 
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maintaining optical fiber is used in the transmit and refer- 
ence fiber paths in order to maintain a fixed polarization 
relationship. The optical profile determining apparatus 10 
should maintain a reasonable degree of polarization integrity 
to avoid a loss in fringe contrast. 

Although the fringe patterns for all laser frequencies are 
measured simultaneously, the fringe pattern at each fre- 
quency is generated completely independently. The proper 
operation of the fringe contrast ranging system is dependent 
on the phase stability of the multiple fringe systems. For this 
reason the path for each wavelength in the measurement is 
maintained exactly the same from the reference splitter 54 to 
the superposition of the reflected transmit and reference 
beams 34 , 36 at the fringe measurement point(s). Wave- 
length dependent phase shifts, such as those due to fiber 
dispersion, are tolerable so long as they are substantially 
constant during the measurement process. 

The laser power requirements are based on the amount of 
energy required to fully expose the photodiode array of the 
CCD camera 80 . The diodes in the photodiode array, such as 
InGaAs diodes, for example, are fully exposed in 0.01 
seconds at 5xl0 -9 watts per diode. Thus, the total power 
required to expose the 240x240 array segment is 0.3 milli- 
watts. The reference beam 36 power is selected at the CCD 
camera 80 to be equal to 0.2 milliwatts. This is 1% of the 
output for a single 20-milliwatt laser. 

Splitting off 2% of the laser power for the reference beam 
36 power and transmitting it through a reference optical 
system that has 50% efficiency achieves this power level. To 
achieve a 10% peak fringe contrast the transmit beam 34 
power level at the photodiode must be equal to 1% of the 
reference beam 36 level. Therefore, the signal level must be 
0.01%. This means that the optical efficiency for the signal 
path efficiency must be 10~ 4 from the laser to the surface of 
the target 12 and back to the photodiode array. This level of 
efficiency is consistent with the overall design parameters of 
the illustrated optical profile determining apparatus 1 0. 

When operating near saturation, the signal to noise ratio 
for a single photodiode is approximately 1 ,000: 1 . The signal 
is integrated from approximately 25 diodes. This produces 
an expected signal-to-noise ratio of approximately 5,000:1. 
The 10% peak fringe amplitude is predicted to be more than 
100 times the noise level. The expectation is that the system 
accuracy will be limited by background intensity shifts 
caused by fringe contrast perturbations due to vibration 
rather than photodetector noise. 

Many modifications and other embodiments of the inven- 
tion will come to the mind of one skilled in the art having 
the benefit of the teachings presented in the foregoing 
descriptions and the associated drawings. Therefore, it is 
understood that the invention is not to be limited to the 
specific embodiments disclosed, and that other modifica- 
tions and embodiments are intended to be included within 
the scope of the appended claims. 

The invention claimed is: 

1. An optical profile determining apparatus comprising: 

an optical detector; 

an optical source for generating a transmit beam com- 
prising a plurality of wavelengths, and for generating a 
reference beam comprising the plurality of wave- 
lengths; 

at least one optical element for directing the transmit 
beam to a target, for directing a resulting reflected 
transmit beam back from the target to said optical 
detector, and for combining the reference beam with 
the reflected transmit beam so that a profile of the target 
is based upon fringe contrast produced by the plurality 
of wavelengths in the reference beam and the plurality 
of wavelengths in the reflected transmit beam; and 
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a plurality of spaced apart reflectors at the respective 
predetermined locations on the target for providing the 
reflected transmit beam; 

said at least one optical element including 

a first lens for colliminating the transmit beam, 5 

a lenslet array downstream from said first lens for 
directing the transmit beam toward the target, and 
a second lens downstream from said lenslet array for 
projecting the transmit beam onto the target at pre- 
determined locations thereon. 10 

2. An apparatus according to claim 1 wherein said optical 
source comprises: 

a plurality of lasers for generating a plurality of individual 
transmit beams, each laser operating at a different 
wavelength; and 15 

a multiplexer for multiplexing the plurality of individual 
transmit beams into a combined transmit beam. 

3. An apparatus according to claim 2 wherein said optical 
source further comprises: 

a splitter downstream from said multiplexer for splitting 20 
the combined transmit beam into a first beam and a 
second beam, the first beam defining the transmit beam; 
and 

a delay circuit downstream from said splitter for delaying 
the second beam to define the reference beam. 25 

4. An apparatus according to claim 1 wherein said optical 

source provides a tilted wavefront of the reference beam 
directed to said optical detector with respect to a wavefront 
of the reflected transmit beam directed to said optical 
detector. 30 

5. An apparatus according to claim 1 wherein said optical 

detector comprises a processor for computing a distance to 
the target for each reflector based upon a corresponding 
fringe contrast associated therewith for determining the 
profile of the target. 35 

6. An apparatus according to claim 1 wherein said lenslet 
array comprises a plurality of lenses, each lens being asso- 
ciated with a respective reflector. 

7. An apparatus according to claim 1 wherein said at least 
one optical element comprises a mirror having an opening 
therein for receiving the transmit beam and the reference 
beam, said mirror also directing the reflected transmit beam 
to said optical detector. 

8. An apparatus according to claim 7 wherein said at least 
one optical element further comprises an imaging lens for 
directing the reflected transmit beam and the reference beam 45 
to said optical detector. 

9. An apparatus according to claim 1 wherein said optical 
detector comprises a processor for computing a distance to 
the target based upon an amplitude of the fringe contrast. 

10. An apparatus according to claim 9 wherein said 50 
processor computes the distance to the target using the 
amplitude of the fringe contrast in a ratio of a peak-to-peak 
variation in intensity to an average intensity. 

11. An apparatus according to claim 1 wherein said optical 

detector comprises a charge-coupled device (CCD). 55 

12. An apparatus according to claim 11 wherein the profile 
of the target is based upon a single exposure of said CCD. 

13. An optical profile determining apparatus comprising: 

an optical detector; 

a plurality of lasers for generating a plurality of individual 60 
transmit beams, each laser operating at a different 
wavelength; 

a multiplexer for multiplexing the plurality of individual 
transmit beams into a combined transmit beam; 

a splitter downstream from said multiplexer for splitting 65 
the combined transmit beam into a first beam and a 
second beam, the first beam defining a transmit beam; 
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a delay circuit downstream from said splitter for delaying 
the second beam to define a reference beam; 
at least one optical element for directing the transmit 
beam to a taiget, for directing a resulting reflected 
transmit beam back from the target to said optical 
detector, and for combining the reference beam with 
the reflected transmit beam so that a profile of the target 
is based upon fringe contrast produced by the plurality 
of wavelengths in the reference beam and the plurality 
of wavelengths in the reflected transmit beam; and 
a plurality of spaced apart reflectors at the respective 
predetermined locations on the target for providing the 
reflected transmit beam; 
said at least one optical element including 

a first lens for colliminating the transmit beam, 
a lenslet array downstream from said first lens for 
directing the transmit beam toward the target, and 
a second lens downstream from said lenslet array for 
projecting the transmit beam onto the target at pre- 
determined locations thereon. 

14. An apparatus according to claim 13 wherein the 
reference beam directed to said optical detector has a wave- 
front that is tilted with respect to a wavefront of the reflected 
transmit beam directed to said optical detector. 

15. An apparatus according to claim 14 wherein said 
optical detector comprises a processor for computing a 
distance to the target for each reflector based upon a corre- 
sponding fringe contrast associated therewith for determin- 
ing the profile of the target. 

16. .An apparatus according to claim 14 wherein said 
lenslet array comprises a plurality of lenses, each lens being 
associated with a respective reflector. 

17. .An apparatus according to claim 13 wherein said at 
least one optical element comprises a mirror having an 
opening therein for receiving the transmit beam and the 
reference beam, said mirror also directing the reflected 
transmit beam to said optical detector. 

18. .An apparatus according to claim 17 wherein said at 
least one optical element further comprises an imaging lens 
for directing the reflected transmit beam and the reference 
beam to said optical detector. 

19. An apparatus according to claim 13 wherein said 
optical detector comprises a processor for computing a 
distance to the target based upon an amplitude of the fringe 
contrast. 

20. An apparatus according to claim 19 wherein said 
processor computes the distance to the target using the 
amplitude of the fringe contrast in a ratio of a peak-to-peak 
variation in intensity to an average intensity. 

21. An apparatus according to claim 13 wherein said 
optical detector comprises a charge-coupled device (CCD). 

22. An apparatus according to claim 21 wherein the 
profile of the target is based upon a single exposure of said 
CCD. 

23. A method for determining a profile of a taiget com- 
prising: 

generating a transmit beam comprising a plurality of 
wavelengths, and generating a reference beam com- 
prising the plurality of wavelengths; 
directing the transmit beam to a target; 
directing a resulting reflected transmit beam back from 
the target to an optical detector; and 
combining the reference beam with the reflected transmit 
beam so that a profile of the target is based upon fringe 
contrast produced by the plurality of wavelengths in the 
reference beam and the plurality of wavelengths in the 
reflected transmit beam; 
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wherein directing the transmit beam and the resulting 
reflected transmit beam is performed using at least one 
optical element including 

a first lens for colliminating the multiplexed transmit 
beam, 

a lenslet array downstream from the first lens for 
directing the transmit beam toward the target, and 
a second lens downstream from the lenslet array for 
projecting the transmit beam onto the target at pre- 
determined locations thereon; 

wherein a plurality of spaced apart reflectors are at the 
respective predetermined locations on the target for 
providing the reflected transmit beam. 

24. A method according to claim 23 wherein generating 
the transmit and reference beams comprises: 

generating a plurality of individual transmit beams using 
a plurality of lasers operating at different wavelengths; 

multiplexing the plurality of individual transmit beams 
into a combined transmit beam; 

splitting the combined transmit beam into a first beam and 
a second beam, the first beam defining the transmit 
beam; and 

delaying the second beam to define the reference beam. 

25. A method according to claim 23 wherein a wavefront 
of the transmit beam being directed to the optical detector is 
tilted with respect to a wavefront of the reflected transmit 
beam being directed to the optical detector. 

26. A method according to claim 23 further comprising 
computing a distance to the target for each reflector based 
upon a corresponding fringe contrast associated therewith 
for determining the profile. 

27. A method according to claim 23 wherein the lenslet 
array comprises a plurality of lenses, each lens being asso- 
ciated with a respective reflector. 

28. A method according to claim 23 further comprising 
directing the transmit beam and the reference beam through 
an opening in a mirror, the mirror also for directing the 
reflected transmit beam to the optical detector. 

29. A method according to claim 23 further comprising 
computing a distance to the target based upon an amplitude 
of the fringe contrast. 

30. A method according to claim 29 wherein computing 
the distance to the target includes using the amplitude of the 
fringe contrast in a ratio of a peak-to-peak variation in 
intensity to an average intensity. 

31. A method according to claim 23 wherein the optical 
detector comprises a charge-coupled device (CCD). 

32. A method according to claim 31 wherein the profile of 
the target is determined based upon a single exposure of the 
CCD. 

33. An optical profile determining apparatus comprising: 

an optical detector; 

an optical source for generating a transmit beam com- 
prising a plurality of wavelengths, and for generating a 
reference beam comprising the plurality of wave- 
lengths; and 

at least one optical element for directing the transmit 
beam to a target, for directing a resulting reflected 
transmit beam back from the target to said optical 
detector, and for combining the reference beam with 
the reflected transmit beam so that a profile of the target 
is based upon fringe contrast produced by the plurality 
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of wavelengths in the reference beam and the plurality 
of wavelengths in the reflected transmit beam, said at 
least one optical element comprising a mirror having an 
opening therein for receiving the transmit beam and the 
5 reference beam, said mirror also directing the reflected 

transmit beam to said optical detector. 

34. An apparatus according to claim 33 wherein said at 
least one optical element further comprises an imaging lens 
for directing the reflected transmit beam and the reference 

10 beam to said optical detector. 

35. An optical profile determining apparatus comprising: 
an optical detector; 

a plurality of lasers for generating a plurality of individual 
transmit beams, each laser operating at a different 
15 wavelength; 

a multiplexer for multiplexing the plurality of individual 
transmit beams into a combined transmit beam; 
a splitter downstream from said multiplexer for splitting 
the combined transmit beam into a first beam and a 
20 second beam, the first beam defining a transmit beam; 
a delay circuit downstream from said splitter for delaying 
the second beam to define a reference beam; and 
at least one optical element for directing the transmit 
beam to a target, for directing a resulting reflected 
25 transmit beam back from the target to said optical 
detector, and for combining the reference beam with 
the reflected transmit beam so that a profile of the target 
is based upon fringe contrast produced by the plurality 
of wavelengths in the reference beam and the plurality 
30 of wavelengths in the reflected transmit beam, said at 
least one optical element comprises a mirror having an 
opening therein for receiving the transmit beam and the 
reference beam, said mirror also directing the reflected 
transmit beam to said optical detector. 

35 36. An apparatus according to claim 35 wherein said at 

least one optical element further comprises an imaging lens 
for directing the reflected transmit beam and the reference 
beam to said optical detector. 

37. A method for determining a profile of a target com- 
40 prising: 

generating a transmit beam comprising a plurality of 
wavelengths, and generating a reference beam com- 
prising the plurality of wavelengths; 
directing the transmit beam to a target; 

45 directing a resulting reflected transmit beam back from 
the target to an optical detector; and 
combining the reference beam with the reflected transmit 
beam so that a profile of the target is based upon fringe 
contrast produced by the plurality of wavelengths in the 
50 reference beam and the plurality of wavelengths in the 
reflected transmit beam; 

wherein the transmit beam and the reference beam are 
directed through an opening in a mirror, the mirror also 
for directing the reflected transmit beam to the optical 
55 detector. 

38. The method according to claim 36 wherein the 
reflected transmit beam and the reference beam are directed 
to the optical detector with an imaging lens. 



